We propose a new scheme of gas-turbine plants that is characterized by the joint use of thermochemical and steam recuperation. As compared to the traditional scheme of air recuperation, the new scheme enables one to enhance the efficiency of the plant by 5.7-6.5% and to decrease substantially the emission of harmful substances to the atmosphere.
The development of methods for enhancement of the efficiency of using critical fuels (natural gas first of all) in various thermal plants represents an important problem of power engineering. Furthermore, the present-day ecological standards require to decrease the amount of harmful substances (in particular, NO x ) thrown to the atmosphere. In the present work, we consider the possible ways of solution of this problem by an example of gas-turbine plants (GTP) working on natural gas.
Enhancement of the efficiency of using natural gas in GTPs requires to utilize the sensible heat of combustion products (CP) at the plant exit. The traditional way is here connected with air recuperation, i.e., the heating of air fed to combustion, but this method has two shortcomings: (i) the amount of air and its specific heat are less than the corresponding parameters of CPs; (ii) with increase in the air temperature, NO x emission grows. Another way is connected with thermochemical recuperation (TCR), i.e., natural gas reforming in CPs (Nosach, 1989) , which enables one to obtain a new fuel, whose calorific value is higher than that of natural gas. This fuel contains a significant amount of H 2 and CO, whose combustion is accompanied by fairly low NO x emission (Sigal, 1988; Tsolakis et al., 2003) .
A scheme of combined recuperative system (TCR + air heating) for a GTP as well as some results of its thermodynamic calculations are described by Nosach and Shraiber (2010) (we write N&S below and call this scheme GTP-TCR). It is shown that the combined system enables one to enhance substantially (by 3.6-5.5%) the efficiency of a plant as compared to air recuperation. At the same time, there exists a possibility to provide a further increase in the GTP efficiency by means of joint use of TCR, air heating, and steam recuperation.
A schematic diagram of the new combined recuperative system is presented in Figure 1 . After expansion in a high-pressure cylinder 3, combustion products are fed to a reformer-heat exchanger 4 and then to a low-pressure cylinder 5 and a steam generator 9. Afterwards, a certain part of CPs is thrown to the atmosphere, and the remaining part is cooled in an apparatus 6, where all water vapor, being a part of CPs, is condensed. Dry combustion products (DCP), i.e., CO 2 + 7.52N 2 , are compressed in a compressor for CP 7 to the initial pressure p 1 (here and below, subscripts correspond to numbers of points in Figure 1 ). Condensate from the cooler 6 is pumped to the same pressure p 1 and then comes to the steam generator 9, where it is heated to boiling point at p 1 and evaporated. Then both DCPs from the compressor 7 and vapor from the steam generator 9 are divided into two flows each, marked by A and B in Figure 1 . Flows A, representing the stoichiometric amount of CPs in the reaction of natural gas (we assume that it consists of methane only) reforming, i.e., (CO 2 + 2H 2 O + 7.52N 2 )/3, are mixed 224 V. G. NOSACH AND A. A. SHRAIBER FIGURE 1 Gas-turbine plant with TCR and water vapor condensation: (1) combustion chamber, (2) air compressor, (3) high-pressure cylinder, (4) reformer-heat exchanger, (5) low-pressure cylinder, (6) cooler, (7) compressor for CP, (8) mixer, (9) steam generator, (CP) combustion products, (DCP) dry combustion products, (NG) natural gas, (RF) reformed fuel. Figures in circles correspond to the numbers of points in Table 1. with CH 4 and come to the reformer-heat exchanger 4, where the process of reforming is realized. Flows B [their amount is β(CO 2 + 2H 2 O + 7.52N 2 )] are also directed to the apparatus 4. In addition, the stoichiometric amount of air (2O 2 + 7.52N 2 ) after a compressor 2 is also heated in the reformer-heat exchanger 4. The coefficient β is selected in such a way that the temperature of CPs before the cylinder 3 should be equal to assigned value.
The new scheme has the following advantages:
(a) since we feed DCPs to the compressor 7, its work has to become smaller than that in the GTP-TCR scheme; (b) temperature T 11 in Figure 1 and, hence, heat losses with effluent gases have to be sufficiently lower than those in the GTP-TCR scheme.
In order to determine the efficiency of the proposed scheme, we carried out thermodynamic calculations similar to those described by N&S. In addition to assumptions accepted by N&S, we here neglected the work of condensate pumping. As follows from Figure 1 , the useful work of this plant is equal to the works of cylinders 3 and 5 (A 3 , A 5 ) minus the works of compressors 2 and 7 (A 2 , A 7 ), and its efficiency is η = (A 3 + A 5 -A 2 -A 7 )/Q, where Q is the calorific value of methane.
As an example, some results of these calculations are presented in Table 1 [here, T 1 = 1600 K; p 1 = 1.5, 2, and 2.5 MPa; the temperature T 7 = T 8 = T 10 was selected under the limitation min (T 3 -T 6 , T 3 -T 9 , T 3 -T 13 ) ≥ 20 as in paper by N&S]. We see that the new scheme enables one to decrease substantially the temperature of CPs thrown to the atmosphere (T 11 ) and the corresponding heat losses.
In Figure 2 , we compare the efficiencies of three schemes: air heating only, GTP-TCR, and proposed here. The new scheme enables one to enhance the effi-ENHANCEMENT OF THE EFFICIENCY OF GAS-TURBINE PLANTS 225 Note: pressures at points 5-10 are the same as at point 1; temperatures at points 8 and 10 are the same as at point 7.
ciency of a gas-turbine plant by 1-2.1% as compared to GTP-TCR and by 5.7-6.5% in comparison with the traditional variant of air recuperation. It is important that this increment in η can be obtained without increasing the initial temperature of the cycle. The obtained values of η have the same order of magnitude as those for combined-cycle plants, but GTPs are much simpler and cheaper since, in this case, we have no steam-power cycle. Finally, it should be emphasized that the amount of molecular hydrogen and carbon monoxide in reformed fuel is 0.96-1.27 kmoles/kmole CH 4 (see Table 1 , point 7), and, therefore, this scheme enables one to shorten NO x emission to the environment.
Nomenclature
A work I enthalpy J total enthalpy p pressure Q calorific value T temperature Greek symbols β coefficient determining the flow rate of combustion products through cooler 6, compressor 7, and reactor 4 (see Fig. 1 ) η efficiency
